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DISCLAIMER 

This  report  was  prepared  for  use  as  a  reference  material  by 
the  Ontario  Ministry  of  the  Environment  and  Energy  staff,  and 
others.  The  views  and  ideas  expressed  in  this  report  are  based  on 
interpretations  of  various  referenced  authors  and  do  not 
necessarily  reflect  the  position  or  policies  of  the  Ministry  of  the 
Environment  and  Energy,  nor  does  mention  of  trade  names  or 
commercial  products  constitute  endorsements  or  recommendation  for 
use. 

Any  Person  wishing  to  reproduce  all  or  part  of  this  report 
should  obtain  permission  to  do  so  from  the  Science  and  Technology 
Branch,  Ontario  Ministry  of  the  Environment  and  Energy,  2  st.  Clair 
Avenue  West,  Suite  12A,  Toronto,  Ontario  M4V  1L5 . 


ACRONYMS  USED  IN  THE  REPORT 


BTEX  benzene,  toluene,  ethylbenzene,  xylene 

DNAPL  dense  non-aqueous  phase  liquids 

DCE  dichloroethylene 

EPA  Environmental  Protection  Agency  (U.S.) 

LNAPL  light  non- aqueous  phase  liquids 

MGEE  Ministry  of  Environment  and  Energy  (Ontario) 

PAH  polynuclear  aromatic  hydrocarbons 

PCB  polychlorinated  biphenyl 

PCE  perchloroethylene 

ppb  parts  per  billion 

ppm  parts  per  million 

TCA  trichloroethane 

TCE  trichloroethylene 

UV  ultra  violet 

ug/L  microgram  per  litre 

VOC  volatile  organic  compound. 
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1.0   INTRODUCTION 

Groundwater  contamination  caused  by  industry,  agriculture  and 
municipal  activities  presents  a  variety  of  risks  which  may 
affect  ultimate  end-use  of  the  resource  including  household, 
farming  and  industrial  applications.  Any  of  these  potential 
risks  depending  upon  the  nature  and  extent  of  the 
contamination,  may  provide  a  reason  for  groundwater  treatment. 
It  is  important  therefore,  to  address  the  problem  of 
subsurface  groundwater  contamination  with  suitable  treatment 
methods . 

The  primary  purpose  of  this  report  is  to  provide  a  summary  of 
the  various  groundwater  treatment  technologies  that  have  been 
developed  and  commercially  available,  are  in  a  state  of 
development  but  still  need  testing  and  verification,  or 
alternative  technologies  that  are  in  the  process  of  being 
tested.  Due  to  the  rapid  advance  of  contaminated  groundwater 
treatment  science,  the  catalogue  of  technologies  included  in 
this  report  should  not  be  viewed  as  exhaustive.  The  focus  in 
the  literature  reviewed  is  largely  on  groundwater 
contamination  by  hazardous  organic  contaminants  and 
especially,  non-aqueous  phase  liquids. 

Treatment,  in  this  report,  is  the  application  of  a  technology 
to  a  specific  medium  for  the  separation  or  destruction  of  a 
compound.  We  treat  water,  air  or  soil  media.  Remediation  on 
the  other  hand,  is  the  cleaning  of  an  environment.  We 
remediate  an  industrial  site  or  an  aquifer,  but  we  treat 
groundwater. 
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2.0   BACKGROUND 

In  the  early  1980s  it  became  evident  in  North  America  and 
Europe  that  aquifers  had  been  impacted  by  a  variety  of 
solvents,  pesticides,  road  maintenance  activities  such  as  road 
de-icing,  dust  control,  and  other  chemicals  e.g  nitrates, 
sulphate  salts,  metals  and  organic  chemicals  of  industrial 
origin.  Of  the  many  organic  chemical  contaminants  detected 
in  groundwater,  chlorinated  organic  solvents  are  by  far  the 
most  frequently  discussed  in  the  literature.  Groundwater 
contamination  by  organic  chemicals  from  sources  such  as  waste 
disposal  facilities,  chemical  spills  and  leaking  underground 
storage  tanks  has  become  a  significant  issue  in  many  parts  of 
the  modern  world. 

The  potential  for  extensive  contamination  of  groundwater  by 
the  Non- Aqueous  Phase  Liquids  (NAPLs)  and  particularly  the 
Dense  Non- Aqueous  Phase  Liquids  (DNAPLs)  is  high.  Presently, 
this  problem  is  compounded  by  the  lack  of  reliable 
quantitative  information  concerning  the  extent  of 
contamination. 

Organic  chemicals  such  as  trichloroethylene  (TCE) , 
trichloroethane  (TCA) ,  perchloroethylene  (PCE) ,  methylene 
chloride,  some  pesticides,  coal  tar  and  creosotes  are  DNAPL 
chemicals.  These  chemicals  have  been  extensively  used  over 
the  years  in  many  industrial  activities  as  dense  organic 
solvents.  DNAPL  chemicals  are  characterised  by  high  densities 
and  low  viscosities.  Once  released  into  the  subsurface 
(undiluted) ,  these  chemicals  are  able  to  sink  through  the 
unsaturated  and  saturated  zones.  By  their  tendency  and 
capability  to  migrate  vertically  into  the  subsurface,  these 
chemicals  are  markedly  different  from  petroleum  hydrocarbons 
which  float  on  groundwater  due  to  their  lower  densities.  This 
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characteristic  behaviour  makes  DNAPLs  difficult  to  study  and 
remediate  unlike  any  other  organics.  However,  extensive 
laboratory  research  work  augmented  by  detailed  field  tests  are 
being  conducted,  notably  at  the  University  of  Waterloo,  in 
Canada  and  in  many  other  countries,  to  determine  fully  the 
subsurface  transport  characteristics  and  appropriate  remedial 
methods  for  these  ubiquitous  chemicals. 


3.0   TECHNOLOGY  SELECTION  AND  SUITABILITY 

3 .1   Criteria  for  TechnoloqY  Selection 

The  key  to  choosing  the  right  technology  or  combination  of 
techniques  is  a  thorough  site  characterization  and  feasibility 
study  based  on  the  technical,  economic,  and  regulatory  issues 
peculiar  to  the  site.  It  is  also  critical  to  consider  the 
"fate  and  transport"   of  contaminants. 

Depending  on  the  technologies  being  considered  and  the  site, 
essential  criteria  considered  for  the  selection  of  groundwater 
treatment  technologies  may  include: 

•  concentrations  of  contaminants  in  the  soil  and  /or 
groundwater; 

•  required  clean-up  levels  or  final  concentration; 

•  amount  of  groundwater  to  be  treated; 

•  groundwater  properties,  such  as  flow  rate,  direction, 
hydraulic  conductivity,  pH,  temperature,  dissolved  oxygen 
content  and  oxidation/reduction  potential; 

•  depth  to  groundwater  and  relative  depth  of  contamination; 

•  physical  and  chemical  properties  of  the  contaminants  e.g 
specific  gravity,  solubility  in  water  or  other  solvents; 

•  waste  type  and  toxicity; 

•  public  sensitivity. 


The  above  criteria  are  inter- related  and  should  be  considered 
as  such  before  a  final  selection  of  a  particular  technology 
can  be  made. 


3 .2   Technology  Suitability 

During  the  first  phase  of  the  assessment,  a  suitable 
groundwater  treatment  technology  is  considered.  This  is  a 
measure  of  the  technology's  ability  to  fully  or  partially 
remove  the  contaminants  of  concern  identified  in  the  aquifer. 
This  stage  of  evaluation  is  intended  to  reduce  the  number  of 
remedial  options  that  should  be  given  further  consideration 
by  eliminating  the  ones  that  are  not  applicable  to  conditions 
at  the  site. 

An  assessment  of  the  technological  suitability  involves 
determining  the  mass  balance  distribution  of  a  compound  in  the 
groundwater  phase  (i.e  soluble,  sinking  (DNAPL)  and/or 
floating  (LNAPL) ) .  It  also  involves  assessing 
physical/chemical  properties  of  the  compounds  found  in 
groundwater.  This  information  provides  the  basis  for 
selection  or  elimination  of  specific  remediation  technologies 
under  consideration. 


4.0   CONVENTIONAL  GROUNDWATER  TREATMENT  TECHNOLOGIES 


4 .1   Bioremediation 

Groundwater  clean-up  using  bioremediation  is  gaining 
popularity  in  North  America.  One  reason  for  this  is  the 
clearer  picture  of  the  costs  and  benefits  of  microbial 


degradation.  In  many  cases  bioremediation  offers  the  most 
cost-effective  means  of  remediating  an  aquifer. 

The  vast  majority  of  contaminants  that  have  been  treated  by 
bioremediation  to  date  are  petroleum  derivatives  including 
fuels,  petroleum  solvents  such  as  acetone  and  ketones,  and 
polyaromatic  hydrocarbons  (PAH)  found  in  coal  tar  and 
creosotes  (Maureen  C.  Leahy  and  Richard  A.  Brown,  1994) .  The 
above  ground  treatment  can  be  very  rapid  when  compared  to  in- 
situ  treatment,  reaching  objectives  in  less  than  9  0  days  for 
removal  of  petroleum  hydrocarbon  contamination. 

While  bioremediation  cannot  handle  metals,  and  some 
chlorinated  organics  still  elude  it,  the  technology  can 
destroy  many  hazardous  compounds,  including  some  that  resist 
other  forms  of  treatment.  The  components  of  a  study  to 
establish  the  feasibility  of  bioremediation  is  given  in 
Table  A. 

Two  techniques  are  known  particularly  for  using  microorganisms 
to  degrade  petroleum  products: 

a)  Biostimulation,  which  involves  the  stimulation  of 
microorganisms  that  already  exist  in  groundwater; 
and 

b)  Bioaugmentation,  which  involves  culturing  of 
microorganisms  in  a  laboratory  and  introducing  them 
to  the  site. 
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Table  A. 


COMPONENTS  OF  A  STUDY  TO  ESTABLISH  THE  FEASIBILITY 
OF  BIOREMEDIATION  (from   Lee  et  al..  1987^ 


SITE  CHARACTERISTICS: 

A.  Aquifer  properties 

1.  Permeability 

2.  Specific  yield 

3.  Clay  content  of  soil 

4.  Heterogeneity  of  formation 

5 .  Depth 

6.  Thickness 

7.  Direction  of  groundwater  flow 

8.  Recharge  and  discharge  areas 

9.  Seasonal  fluctuation  in  water  table 

B.  Groundwater  quality 

1.  Inorganic  nutrient  levels 

2 .  Precipitation  of  inorganic  nutrients 

3 .  Dissolved  oxygen  content 

C.  Location  of  physical  structures 

D.  Groundwater  pump  controls 

E.  Potential  for  contamination  of  drinking  water  or 
agricultural  wells 
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TABLE  A  Contd. 

CONTAMINANT  CHARACTERISTICS 

A.  Type 

B.  Concentration 

C.  Areal  and  vertical  extent  of  contamination 

D.  Location   of   released   material   in   aquifer- 
dissolved,  floating,  trapped  or  sinking 

E.  Heterogeneity  of  contamination 

F.  Biodegradability  of  contaminants 

G.  Presence  and  quantity  of  toxic  agents 

H.    Nature  of  release  -  acute,  chronic,  or  periodic 
I.    Time  since  release 

J.    Effect  of  physical  weathering  or  abiotic  reaction 
on  contaminants . 

MICROBIAL  CHARACTERISTICS 

A.  Presence  of  active  microbial  population 

B.  Acclimation  to  contaminants 

C.  Nutrient  requirements  for  optimal  growth 

D.  Extent  of  biodegradation  that  can  be  achieved 

E.  Rate  of  biodegradation 

STB/mulira/gw.rpt 


4.1.1    In-Situ  Bioremediation 

In-Situ  bioremediation  is  the  biological  treatment  of 
contaminated  soils  and  groundwater  without  excavation.  This 
method  involves  the  controlled  management  and  manipulation  of 
the  microbial  process  in  the  subsurface.  Generally,  treatment 
consists  of  optimizing  pH,  temperature,  soil  moisture  content 
and  the  concentration  of  nutrients  to  stimulate  the  growth  of 
microorganisms  that  will  feed  on  the  particular  contaminants 
present  (Figure  1) . 

This  technology  requires  a  good  understanding  of  both,  the 
microbiological  process  relative  to  biodegradation  of  the 
target  contaminants,  and  the  soil /groundwater  chemical 
environmental  effects  on  the  microbial  processes.  The  rate  of 
biodegradability  of  organic  contaminants  varies  considerably 
from  hydrocarbons  to  PCBs . 

One  of  the  challenges  of  in- situ  bioremediation  is  the 
delivery  and  mixing  of  growth  substrate  and  nutrients,  such  as 
oxygen  and  methane  needed  for  the  development  of  the  bacterial 
population.  Water  is  either  pumped  into  the  ground  or  allowed 
to  infiltrate  from  the  surface  carrying  the  nutrients  in  the 
subsurface.  Benzene,  for  example,  is  biodegraded  according  to 
the  following  reaction: 


C6H,2+902  -->  6CO2+6H2O. 

In  general,  aerobic  biodegradation  of  petroleum  hydrocarbons 
requires  at  least  1.359  kg.  to  1.585  kg.  of  oxygen  for  every 
0.453  kg.  of  hydrocarbons.  One  kilogram  of  oxygen  can  be 
supplied  by  1.698  m  of  air.  A  recirculation  of  water  through 
pumping  wells  is  maintained  until  the  site  is  finally  cleaned. 
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In  a  treatability  study  of  in- situ  bioremediation  of 
groundwater  contaminated  with  chlorinated  aliphatics, 
Sempirini  et  al . ,  1992,  demonstrated  that,  under  ideal 
conditions,  it  is  possible  to  achieve  20  percent,  50  percent 
and  85  percent  biodegradation  of  trichloroethylene, 
dichloroethylene  and  vinyl  chloride,  respectively. 

In- situ  bioremediation  eliminates  pumping  the  contaminated 
groundwater  to  the  surface,  surface  treatment  and  the 
subsequent  reinject ion. 


Advantages  of  In-Situ  Bioremediation 

1.  lower  cost; 

2 .  large  volumes  of  contaminated  groundwater  can  be  treated 
at  one  time. 


Limitations 

1.  specific  factors  such  as  microbial  activity  and  chemical 
reaction  may  limit  application; 

2.  low  solubility  contaminants  do  not  biodegrade  easily; 

3.  high  concentration  of  metals; 

4.  homogeneous  aquifer. 


Costs 


In- situ  bioremediation  is  considered  to  be  cost  effective. 
This  can  be  attributed  in  part,  to  minimal  operational  and 
maintenance  requirements,  resulting  in  lower  work  exposures 
and  reduced  health  impacts. 
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Several  projects  have  been  completed  in  the  U.S.  involving  the 
application  of  In- situ  bioremediation.  A  cost  estimate  of  about 
$42  to  $60  per  liter  of  residual  fuel  removed  from  an  aquifer  at 
Kelly  Airforce  Base  has  been  reported  by  Abramowicz,  et  al  (1992)  . 


4.1.2.    Ex-Situ  Bioremediation 

If  contaminated  groundwater  is  pumped  to  the  surface,  it  can 
be  treated  by  a  number  of  technologies  including  a  rotating 
reactor,  fixed  film  water  treatment  systems,  and  activated 
sludge  processes. 

Ex- situ  treatment  allows  for  better  control  of  the 
temperature,  nutrient  concentrations  and  oxygen  availability 
than  is  possible  with  in- situ  treatment.  In  addition,  the 
contaminated  groundwater  can  be  moved  to  another  location 
where  treatment  can  take  place,  where  it  does  not  interfere 
with  redevelopment  activities.  If  redevelopment  involves 
extensive  excavation  then  ex- situ  as  opposed  to  in- situ 
bioremediation  methods  may  need  to  be  employed.  The  ex- situ 
treatment  approach  may  also  be  cost  effective  since  it  would 
be  easier  to  introduce  the  necessary  nutrients  to  the  media 
than  is  possible  for  in- situ  treatment.  Consequently,  it 
would  take  a  shorter  period  of  time  to  complete  the 
biodegradation  process. 


Basic  Requirements 

For  bioremediation  method  to  succeed  generally,  the  following 
factors  must  be  incorporated  into  the  specific  design: 
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conductivity  >  10   cm/sec  for  delivery  of  nutrients  and 

CO2; 

homogeneous  hydrogeology; 

contaminant  characteristics; 

temperature   >  10  C, • 

pH   6.5  to  8; 

oxygen  (provision  of  Hydrogen  Peroxide,  Air,  pure  Oxygen 

or  Ozone) . 


Advantages  of  Ex- Situ  Bioremediation 

relative  ease  of  implementation; 

the  technology  is  used  on  a  case  by  case  regional 
specific  recommendation,  as  a  viable  treatment  technology 
in  Ontario. 


Potential  Limitations 

clogging  of  screens  and  infiltration  galleries  with  fines 

and  microbial  growth; 

precipitation  reactions  (particularly  phosphorus)  which 

remove  added  nutrients  and  lead  to  clogging; 

the  process  may  not  be  applicable  to  all  geological 

conditions; 

amount  of  time  required  to  treat  groundwater  may  range 

from  several  months  to  a  year; 

rapid  decomposition  of  hydrogen  peroxide  results  in  poor 

oxygen  distribution,  and  slower  biodegradation  reaction. 


4 .2   Photochemical  Oxidation 
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Photochemical  Oxidation  destroys  contaminants  by  chemically 
converting  them  to  non  hazardous  or  less  toxic  compounds  that 
are  stable  and  /or  less  mobile.  The  oxidizing  agents  commonly 
commercially  available  that  are  used  for  the  treatment  of 
hazardous  contaminants  include  ozone,  hydrogen  peroxide, 
chlorine,  hypochlorites,  and  chlorine  dioxide.  Chemical 
oxidation  is  a  developed  technology  and  is  commonly  used  to 
treat  not  only  contaminated  groundwater  but  also  liquid 
mixtures  containing  amines,  cyanides,  and  chlorophenols 
(Freeman,  19  89)  . 

The  technology  is  based  on  ultraviolet  light,  which  in 
conjunction  with  oxidants  such  as  ozone  and/or  hydrogen 
peroxide  influences  the  photochemical  oxidation  of  organic 
contaminants.  Ultraviolet  light  will  dissociate  hydrogen 
peroxide  at  a  selected  wavelength  producing  hydroxyl  radicals 
which  oxidizes  the  organic  contaminants  to  carbon  dioxide  and 
water,  thus  carrying  the  reaction  to  completion  (  Gurol  and 
Vatistas,  1987) .  In  the  case  of  ozone,  however,  the 
ultraviolet  radiation  dissociates  ozone  into  oxygen  molecules. 

The  ultra-violet/oxidant  system  keeps  the  organic  species 
active  and  makes  them  more  vulnerable  to  attack  by  the 
hydroxyl  radicals  provided  by  the  oxidant.  During  the 
treatment  process,  a  combination  of  ozone  and/or  hydrogen 
peroxide  with  ultraviolet  light  create  a  powerful  oxidizing 
agent  that  enhances  destruction  of  organics  (Figure  2) . 
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Proqress  of  Reactions 

The  chemistry  of  the  photochemical  oxidation  of  simple 
hydrocarbons  may  be  illustrated  by  the  following  basic 
reactions  (  Paul  and  Canter,  1991) : 

Hydrogen  Peroxide 

H2O2  (Hydrogen  Peroxide)  TJV  Light      2  (*0H)  (Hydroxyl  - 

254  nm  radicals) 

Ozone 

O3  (Ozone)  UV  Light >  Oj+O  (^D)  (D-state  Oxygen  atom) 

254  nm 

0(^D)  +  H2O ->  2  (*0H)   (  Hydroxyl  Radicals) 

Oxidation  of  Organics 

Organic  Molecule  +  x(  OH)  UV  Light  .,  yC02+2H20+Heat+Acids 

254nm 

where  x,y,z  are  the  stoichiometric  numbers  of  hydroxyl 

radicals,  carbon  dioxide,  and  water  participating  in  the 

reaction. 

UV  =  Ultraviolet  light 

The  oxidation  reactions  are  perceived  to  take  place  in  three 
steps  (Prengle,  1983)  : 

(1)  partial  oxidation  of  the  original  substrate  to  form 
intermediates ; 

(2)  oxidation  of  primary  intermediates  to  form  secondary 
intermediates,  and; 

(3)  further  oxidation  to  form  innocuous  end  products  or 
stable  organic  acid  species. 
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For  the  purpose  of  clarity,  the  ultraviolet  light  functions  in 
three  basic  ways  (Fletcher,  Leitis  and  Nguen,  1989) : 

(1)  transforms  ozone  and/or  hydrogen  peroxide  to  highly 
reactive  radicals; 

(2)  excites  organic  molecules  to  a  higher  energy  level;  and 

(3)  initially  attacks  the  target  organics  thus  resulting  in 
their  partial  degradation  by  UV  light. 

Some  of  the  Important  Process  Variables 

(1)  Variables  related  to  the  contaminated  groundwater: 

a)  type  and  concentration  of  organic  contaminants; 

b)  light  transmittance  of  the  water; 

c)  type  and  concentration  of  dissolved  solids. 

(2)  Variables  related  to  treatment  process  design  and 
operation: 

a)  UV  dosage; 

b)  oxidant  dosage; 

c)  temperature  -  higher  temperatures  improve 
photochemical  oxidation  reaction  of  most  organic 
compounds; 

d)  pH  >  8; 

e)  homogeneous  hydrogeology . 


Advantages  of  Photochemical  Oxidation 

1)  the  technology  is  believed  to  truly  'remediate' 
contaminants  instead  of  'relocating'  them  when  compared 
to  a  number  of  conventional  technologies  that  tend  to 
transfer  the  problem  from  the  water  phase  to  the  air  or 
land; 

2)  it   can   be   far   more   economical   than  conventional 
technologies ; 
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3)    it  is  simple  and  needs  minimum  operator  -  attendance  and 
maintenance. 


Limitations 

1)  the  technology  is  basically  designed  for  destroying 
hydrocarbons  in  dilute  concentrations  in  groundwater  or 
waste  water; 

2)  when  used  for  concentrated  aqueous  wastes  the  process 
requires  long  oxidation  times,  hence  higher  costs; 

3)  process  does  not  address  the  free  product  phase  (waste  in 
its  natural  state)  in  the  subsurface. 


Process  Costs 

Cost  requirements  for  the  Photochemical  Oxidation  method  are 
largely  influenced  by  the  size  and  design  of  the  equipment, 
system  configuration  and  capacity.  Also  equally  important  are 
the  process  parameters  such  as  the  concentration  and  nature  of 
the  organics  and  the  required  treatment  efficiencies.  Capital 
costs  will,  therefore,  vary  significantly  with  variation  in 
the  above  parameters.  Estimated  capital  costs  range  from 
$0.08  to  $0.53/liter  of  capacity  (Major  and  Fitchiko,  1990) 


4 .3   Air  Stripping 

Air  Stripping  is  one  of  the  demonstrated  effective  treatment 
technologies  used  to  remove  volatile  organic  compounds  such  as 
Benzene,  Toluene,  Ethylbenzene  and  Xylenes  (BTEXs)  from 
hydrocarbon  contaminated  groundwater. 
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The  basic  concept  behind  air  stripping  is  to  bring  the 
contaminated  water  into  direct  contact  with  air  so  that 
volatile  compounds  undergo  a  change  (from  liquid  to  vapour) . 
At  that  stage  the  air  will  carry  off  the  contamination  leaving 
the  water  free  from  these  compounds  (Figure  3)  .  This 
technology  alone,  however,  can  not  be  used  to  effectively 
clean-up  groundwater  laden  with  high  molecular  weight 
hydrocarbons  e.g.  Phenolics  and  PAHs  found  in  fuel  oil. 

Air  Stripping  at  specific  design  and  operating  conditions  will 
yield  a  fixed,  compound- specif ic  percentage  removal.  The 
technology  has  been  used  primarily  for  the  treatment  of  VOCs 
in  dilute  aqueous  waste  streams. 

Advantages 

a)  can  be  used  to  treat  large  volumes  of  water  with  elevated 
concentrations  of  organic  compounds  at  relatively  high 
groundwater  flow  rates; 

b)  reliable  performance  to  meet  objectives/standards  with 
minimal  operational  and  maintenance  costs. 

Disadvantages 

a)  most  effective  where  water  has  low  level  of  BTEXs 

(  <  10,000  ug/L) .  Alternatively  it  requires  chemical  or 
physical  pre- treatment ; 

b)  high  capital  costs; 

c)  limitation  with  regard  to  complete  removal  of 
hydrocarbons ; 

d)  large  tracts  of  land  are  required  so  that  neighbouring 
properties  are  not  affected  by  wind-driven  mists  or,  in 
winter,  ice  crystals; 

e)  potential  for  dealing  with  aesthetics  and  noise  problems 
in  residential  neighbourhoods. 
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Costs 


The  factors  determining  the  cost  of  an  air  stripper  can  be 
categorized  as  those  dealing  with  design,  emission  controls, 
and  operation  and  maintenance. 

According  to  Freeman  (1989)  ,  the  cost  of  air  stripping  in  the 
United  States  may  range  from  US$0.04  to  US$0.17  per  1,000 
gallons  or  3,785  litres  treated.  At  a  Superfund  site  in  Des 
Moines  in  the  U.S.,  the  unit  cost  for  groundwater  treatment  is 
estimated  to  be  about  US$0.45  per  1000  gallons  based  on  a 
1,250  gpm  treatment  rate. 


4.4   Carbon  Adsorption 

Carbon  adsorption  involves  the  removal  of  dissolved  organic 
compounds  from  the  groundwater  by  adsorbing  the  compounds  on 
activated  carbon.  This  is  accomplished  through  pumping 
groundwater  from  the  ground  and  letting  it  pass  through  an 
adsorption  chamber. 

This  technology  is  well  developed,  commercially  available  and 
is  most  effective  for  compounds  with  low  solubility  such  as 
PAHs  and  least  effective  for  compounds  with  relatively  high 
solubility  e.g.  BTEXs,  chlorinated  solvents,  phenols  and 
alcohols.  Compounds  with  high  solubility  have  a  tendency  to 
desorb  from  the  carbon.  Carbon  adsorption  is  not  suitable  for 
treating  groundwater  contaminated  with  metals. 

The  costs  of  carbon  adsorption  treatment  tend  to  escalate  with 
higher  concentrations  of  organics  and  treatment  may  require 
large  volumes  of  carbon.   In  an  attempt  to  reduce  operating 
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costs  carbon  adsorption  is  often  used  as  a  supplementary 
treatment  method  in  conjunction  with  an  air  stripping  process. 
This  is  particularly  useful  when  large  volumes  of  high  level 
organic  contamination  are  found.  Carbon  adsorption  treatment 
alone  is  usually  used  only  in  areas  of  very  low  groundwater 
contamination . 


Advantages 

1.  effective  for  removing  most  dissolved  organic  compounds 
especially  those  with  low  solubilities; 

2.  contamination  from  a  large  volume  of  groundwater  can  be 
concentrated  into  a  much  smaller  volume  of  carbon, 
reducing  the  cost  of  off -site  disposal. 


Limitations 

1.  this  technology  is  most  effective  when  used  in 
conjunction  with  air  stripping  in  areas  of  extensive 
contamination; 

2.  cost  of  treatment  tends  to  escalate  with  high 
concentrations  of  organics  and  large  voliames  of  water 
requiring  treatment; 

3.  carbon  units  reach  a  saturation  level  after  which  the 
units  require  regeneration; 

4.  pretreatment  may  be  necessary. 


Costs 


Costs  associated  with  Carbon  Adsorption  treatment  are 
dependent  on  waste  stream  flow  rates,  type  of  contaminants, 
and  site  and  timing  requirements. 
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Costs  are  lower  with  lower  concentration  levels  of  a 
contaminant  of  a  given  type.  Costs  are  also  lower  at  higher 
flow  rates.  Studies  conducted  in  the  U.S. A  by  O'Brien,  R.P. 
(1983)  ;  and  Freeman,  H.M.  (1989)  show  that  at  flow  rates  of 
100  million  gallons  per  day  (mgd) ,  the  costs  for  Carbon 
Adsorption  ranged  from  US$0.10  to  US$1.50  per  1,000  gallons 
treated.  This  value  is  not  likely  to  vary  much  with  time. 
But  the  type  of  concentration  would  affect  the  total  cost. 


4 .5   Physical  Barriers 

These  are  low  permeability  cut-off  walls  or  diversions 
installed  below  ground  to  contain,  capture  or  redirect 
groundwater  flow  in  the  vicinity  of  a  site  to  depths  of  up  to 
70m.  The  walls  are  also  used  to  control  migration  of  DNAPLs, 
LNAPLs  and  /or  other  contaminants  in  the  subsurface.  In  so 
doing,  they  enhance  the  effectiveness  of  remediation  efforts 
such  as  Pump -and -Treat,  and  may  decrease  the  financial  burden 
of  site  remediation  by  reducing  the  physical  spread  below 
ground.  Cut-off  walls  (barriers)  can  be  used  in  conjunction 
with  other  recovery  means . 


Types  of  Barriers; 

1)  Bentonite-soil  walls; 

2)  Concrete  panel  walls; 

3)  Plastic  membrane  walls; 

4)  Sealable- joint  steel  sheet  piling  walls; 

5)  Reactive  Barriers; 

6)  Microbial  Bio-Barriers. 
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Appllcations 

A  detailed  discussion  of  the  various  types  of  barriers  is 
beyond  the  scope  of  this  report.  However,  some  observations 
are  worth  mentioning. 

A  review  of  the  configuration  and  design  options  available  is 
vital  to  determine  which  one  best  meets  the  goals  of  the 
remediation  action. 

•  Cut-off  walls  may  be  keyed  into  an  aquitard  (Keyed 
wall)  or  not  keyed  (Hanging  wall) ; 

•  Cut-off  walls  may  be  placed  relative  to  the  direction  of 
groundwater  flow,  that  is,  up  gradient,  down  gradient  or 
completely  surrounding  the  remediation  site. 


Reactive  Barriers  -  Permeable  reactive  barriers  represent  the 
latest  innovation  in  subsurface  barriers.  These  barriers  are 
based  upon  a  principle  that  involves  installation  of  reactive 
walls  within  the  paths  of  the  contaminated  plxime.  Reactive 
barriers  operate  similar  to  cut-off  walls  except  that  they  are 
permeable.  This  technology  is  still  being  tested  in  the  field. 
Reactive  walls  have  the  potential  to  be  entirely  passive, 
reducing  long  term  operating  costs  and  once  installed  are  non- 
invasive in  that  there  are  few,  if  any,  above  ground 
facilities  to  disturb  site  development.  Interested  readers  are 
referred  to  Gillham,  R.W.  and  Buris  D.  (1992),  and  Starr,  R.C 
and  Cherry  J. A.,  (1992) 


A  bed  or  beds  of  lower  permeability  adjacent  to  an  aquifer 
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Applications 

The  methods  of  installing  reactive  barriers  include  excavation 
and  replacement,  in- situ  mixing  of  the  reactive  materials  with 
the  native  geologic  material  and  fence-gate  systems  in  which 
the  groundwater  is  funnelled  through  narrow  zones  of  the 
reactive  materials.  In  practice,  groundwater  flows  through  a 
reactive  barrier  in  which  contaminants  are  adsorbed  or 
degraded. 


Potential  Limitations 

•  Bentonite  slurry  walls  can  be  limited  by  the  site 
topography; 

•  sufficient  work  area  is  required  besides  the  trench  to 
mix  and  place  the  back  fill,  and  also  to  allow  for  easy 
movement  of  heavy  equipments; 

•  Chemical  compatibility  of  wall  components  must  be 
established; 

•  site  characterization  and  remediation  options  (for  sites 
containing  DNAPLs)  are  limited; 

•  field  data  from  site  characterization  and  remediation 
efforts  are  limited; 

•  it  is  difficult  to  test  the  cut-off  wall  during  or  after 
construction  to  determine  if  it  meets  the  design 
specifications ; 

•  standard  testing  programs  may  not  indicate  the  location 
of  imperfections  or  failure  points. 


4 . 6   Air  Sparging  (In- Situ  Air  Stripping) 

Air  Sparging  is  a  method  by  which  oxygen  is  introduced  into 
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the  ground  or  recirculated  water  through  the  use  of  an  air 
compressor.  This  action  results  in  volatilization  of  some 
petroleum  hydrocarbons  (HC)  contaminants.  Under  air  sparging 
method  air  bubbles  are  made  to  traverse  horizontally  and 
vertically  through  the  natural  soil  column,  creating  a 
transient  air- filled  porosity  within  the  saturated  zone.  Air 
sparging  effectively  creates  an  air  stripper  in  the  subsurface 
(Figure   4) , 

The  air  is  injected  into  the  subsurface  and  allowed  to  flow 
upwards  and  in  contact  with  waste  source,  soil,  and  water. 
Air  bubbles  coming  into  contact  with  contaminants  cause 
volatilization  of  volatile  organic  compounds  (VOCs) .  The 
volatilized  organics  are  carried  by  the  air  bubbles  through 
the  unsaturated  zone  where  it  is  captured  using  a  vapour 
extraction  system. 

Air  sparging  creates  turbulence  and  increased  mixing  in  the 
saturated  zones,  which  increases  the  contact  between  air, 
water  and  soil.  This  results  in  the  removal  of  the  VOCs 
dissolved  in  the  groundwater  and  adsorbed  to  the  soil  which  is 
recovered. 

This  method  also  provides  a  limited  oxygen  source  for 
enhancement  of  biodegradation  in  groundwater.  The  source  is 
limited  to  the  solubility  of  the  oxygen  (approx.  8  -  10  mg/L) 
at  the  temperature  of  the  groundwater.  Although  the  oxygen 
source  is  limited,  laboratory  and  field  evidence  suggest  that 
microbial  populations  can  initiate  oxidation  of  hydrocarbons 
and  then  further  degrade  those  hydrocarbons,  given  minute 
amounts  of  oxygen  (  R.E.  Hinchee  et  al,  19  87) .  Depending  on 
the  situation,  the  vapour  phase  volatile  organic  compounds 
(VOCs)  in  the  gas  generated  by  sparging  may  need  further 
treatment  prior  to  release  to  the  atmosphere. 
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Advantaqes 

1.  when  used  in  conjunction  with  vapour  extraction,  air 
sparging  has  been  proven  to  be  an  effective  means  of 
groundwater  clean-up  of  VOCs; 

2.  allows  hazardous  wastes  to  be  treated  on  site; 

3.  the  technology  is  cost  effective  and  coiranercially 
available. 

Disadvantages 

1.  possibility  of  spreading  dissolved  contamination  due  to 
local  hydraulic  disturbance  of  groundwater  flow  pattern, 
and  possible  subsurface  migration  to  buildings  due  to 
generation  of  vapour  phase  contaminants; 

2.  changing  in  site  groundwater  flow  pattern  due  to 
sparging,  specifically  water  table  mounding  could 
increase  down  gradient . 


Costs 


The  costs  associated  with  the  removal  of  adsorbed  contaminants 
from  the  soil  and  groundwater  using  Air  Sparging  technology 
have  decreased  considerably  over  the  past  five  years  in  the 
U.S.A.  The  typical  length  of  treatment  to  achieve  site 
closure  was  also  reduced  from  five  to  two  years  at  costs 
dropping  from  US$  1  million  to  about  $500,000  (Brown  and 
Jasiulewicz,  1992) .  Extensive  testing  and  treatment  sites  in 
the  U.S.  indicate  that  Air  Sparging  continues  to  compete  as  a 
viable,  cost  effective  treatment  technology  for  groundwater 
contaminated  with  VOCs. 
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4  .7   Vacuiun  Extraction 

This  is  an  in- situ  process  that  removes  volatile  and  semi- 
volatile  contaminants  directly  from  the  soils  and  groundwater 
without  excavation  of  the  soil.  Waste  constituents  are 
removed  in  situ  by  the  technology  but  are  not  actually 
destroyed. 

Groundwater  is  removed  simultaneously  from  vacuum  extraction 
wells  to  further  enhance  the  recovery  of  the  contaminants  and 
reduce  the  period  of  cleanup.  The  process  involves  the  use  of 
a  vacuum  blower.  The  induced  air  extraction  eventually  comes 
into  equilibrium  with  the  in-situ  replacement  air  (Figure  5) . 

Prior  to  full-scale  remediation,  an  assessment  of  the 
subsurface  conditions  is  required.  This  assessment  may 
include  a  delineation  of  subsurface  contaminants  existing  in 
distinct  plumes.   These  plumes  may  include: 

1.  liquid  phase  contaminants  on  the  water  table; 

2.  dissolved  contaminants  within  the  aquifer; 

3.  residual  contaminants  within  the  soil  matrix; 

4.  vapour  plume  emanating  from  the  other  plumes. 

Initial  focus  of  the  subsurface  investigation  is  often  the 
delineation  of  the  groundwater  plume  or  dissolved  and  non- 
aqueous liquid  phase  plume.  This  can  be  accomplished  using 
groundwater  monitoring  wells.  A  vacuum  extraction  system  is 
designed  to  remove  volatile  contaminants  directly  from  all  the 
four  above  types  of  plumes,  eliminating  further  contamination 
of  the  groundwater 
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Vacuum  extraction  process  when  conducted  in  combination  with 
pump -and -treat  can  be  a  very  effective  groundwater  remediation 
technique.  The  technology  has  been  demonstrated  to  be 
effective  in  virtually  all  hydrogeologic  settings:  clay, 
silts,  gravel  and  in  fractured  rocks. 

Advantages 

1.  removes  volatile  and  semi -volatile  organics; 

2.  provides  permanent  remedial  action  for  VOCs; 

4.  cleanup  of  groundwater  and  soil  in  situ  is  rapid  and  at 
relatively  lower  costs; 

5.  does  not  require  additional  reagents; 

6.  can  provide  continuous  monitoring  of  underground  tanks 
and  cleanup  of  any  leakage  detected; 

7.  simultaneous  extraction  of  groundwater  and  vapour  is 
possible  and  enhances  rate  of  groundwater  cleanup. 


Limitations 

1.  a  site  with  wastes  of  different  volatilities  would 
require  additional  remedial  technologies; 

2.  technology   is   most   effective   for   highly   volatile 
compounds . 


Costs 


Costs  associated  with  vacuum  extraction  are  highly  variable 
due  to  site  variations  as  well  as  contaminant  characteristics 
that  impact  on  the  treatment  process.  For  a  stationary  vacuum 
extraction  system,  the  most  important  factor  influencing  costs 
is  the  number  of  wells  required  per  unit  area  which  related  to 
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the  depth  of  contamination  and  soil  permeability.  In  the 
U.S.A.,  cost  estimates  for  this  technology,  according  to  Udell 
et  al.  (1989)  range  from  about  US$40-  US$230/  cu. meter. 


5.0   INNOVATIVE  GROUNDWATER  TREATMENT  TECHNOLOGIES 
(at  various  stages  of  development) 


Introduction 

Research  workers  everywhere  are  tireless  in  their  struggle  to 
improve  subsurface  groundwater  cleanup  technologies.  This 
section  presents  a  snapshot  of  some  of  the  many  new  ideas  on 
groundwater  cleanup  technologies  that  have  appeared  in 
professional  and  trade  journals.  While  some  are  still  at 
laboratory  scale,  others  have  undergone  preliminary  field 
tests.  In  general,  however,  the  following  technologies  have 
not  been  adopted  as  a  viable  technology  at  this  stage. 

For  interested  readers,  a  list  of  technologies  being  evaluated 
under  the  Superfund  Innovative  Technology  Evaluation  (SITE) 
program  as  of  October  1994  is  attached  as  Appendix  III. 


5.1   Dynamic  Underground  Stripping 

This  is  a  rapid  clean  up  technology  developed  at  the  Livermore 
National  Laboratory,  in  California.  The  technology  is 
effective  for  organic  wastes  in  localized  underground  plumes. 
A  combination  of  steam  injection  and  electric  heating  is  used 
to  heat  the  waste  so  it  migrates  to  a  central  extraction  well. 
There  it  is  pumped  to  the  surface  and  cleaned  using 
conventional  or  other  treatment  methods.   This  technique  is 
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thought  to  reduce  cleanup  time  for  concentrated  spills  from 
years  to  months . 


5.2   Bio-Tower  BioloQical  Treatment  Units 

This  method  is  intended  for  aerobic  or  anaerobic  biological 
treatment  of  groundwater  contaminated  with  organic  substances 
such  as  acetone,  methyl  ethyl  ketone,  and  benzene.  The 
technology  was  developed  and  is  being  perfected  by  Lancy 
Environmental  Systems  (Warrendale  Pa.)  .  It  is  best  suited  for 
treatment  of  influent  water  containing  less  than  3,000  mg/1 
BOD  for  aerobic  systems,  and  up  to  50,000  mg/L  BOD  for 
anaerobic  systems. 

The  Bio-Tower  Systems  typically  consist  of  one  or  two  vertical 
reaction  tanks  filled  with  randomly  packed  polypropylene 
rings. 

Application  include  treatment  of  landfill  leachate  and 
contaminated  water  generated  by  petroleum  refining,  food 
processing  and  coal  gasification. 


5 .3   Enzymes   Detoxifvinq   Pesticide-contaminated   Soil   and 
Water. 

A  variety  of  methods  are  currently  used  for  detoxification  of 
pesticides.  These  include  chemical,  physical  and  biological 
methods.  Pesticides  rank  as  medium  on  the  biodegradability 
ranking  scale  of  organic  contaminants. 

Conventional  subsurface  clean-up  methods  for  pesticides 
removal  are  generally  cumbersome  and  cost  prohibitive.  The 
biotechnology  involving  the  use  of  microorganisms  or  their 
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cell-free  enzyme  preparations  to  control  pesticide  pollution 
appears  to  have  most  promising  application  at  the  moment. 

There  are  advantages  that  favour  the  application  of  enzyme 
technology  to  the  detoxification  of  pesticides  e.g.  Enzymes 
are  unaffected  by  inhibitors  of  microbial  metabolism  and  can 
often  be  used  under  conditions  that  would  be  detrimental  to 
active  microbial  cells.  Because  many  enzymes  that  are  usually 
active  within  the  cell  also  function  outside  of  the  cell, 
cell -free  enzyme  systems  may  be  applied  to  subsurface 
detoxification  of  pesticides. 

In  spite  of  the  promising  potential  applications,  only  a  few 
enzymes  have  been  tested  as  tools  in  the  detoxification  of 
pesticides  in  waters  and  soils.  Numerous  investigations  have 
documented  the  degradation  of  pesticides  by  soil  and  water 
microorganisms;  but  few  studies  have  examined  the  enzymes 
responsible  for  pesticide  degradation.  In  addition,  effective 
methods  for  bringing  the  enzymes  in  contact  with  the  soil  and 
water  below  the  water  table  need  to  be  evaluated. 


5.4   Application  of  Polvmers 

This  technology  was  originally  developed  to  clean-up  surface 
oil,  where  polymers  render  it  cohesive  and  amenable  to 
skimming.  The  technology  has  since  been  found  to  be  very 
effective  in  accumulating  dissolved  organics. 

An  elasto-polymer  that  can  be  used  to  remove  dissolved  and 
suspended  organics  from  water  was  recently  developed  in 
Virginia  by  General  Technologies  Inc. 

This  technology  involves  the  pouring  of  the  elastro-polymer  on 
the  surface  where  it  is  mixed  into  the  water  by  moderate  air 
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sparging.  The  resultant  mixture  rises  to  the  surface  where  it 
can  then  be  removed.  The  amount  of  polymer  used,  the  time 
required  for  air  sparging  and  the  rise  time  all  depend  on  the 
waste  water  being  treated. 

Bench  scale  experiments  were  conducted  by  the  developers  with 
tank  bottom  water  from  a  bulk  petroleum  fuel  tanks.  Raw  waste 
samples  taken  from  the  bottom  contained  139,700  ppb  of  BTEX. 
Results  of  the  treatment  indicated  a  steady  decrease  in 
contamination  levels  for  most  of  the  volatile  organic 
compounds  detected  earlier.  The  technology  is  still 
undergoing  rigorous  field  tests. 


5 .5   Electrokinetics 

Electrokinetics  are  used  to  induce  an  electric  field  in  the 
subsurface.  This  method  has  been  developed  to  assist  in  soil 
dewatering  in  low  permeability  materials.  The  method  has  been 
identified  by  U.S.  EPA  and  other  agencies  for  improving  the 
effectiveness  of  the  pump- and- treat  system  by  inducing  and 
improving  groundwater  flow  rate.  Groundwater  in  the  pore 
spaces  is  drawn  towards  the  cathode  due  to  a  phenomenon 
called  "viscosity  drag".  Consequently,  investigations  in  the 
application  of  electrokinetic  methods  are  focusing  on  whether 
positively  charged  organic  and  inorganic  contaminants  could 
behave  in  the  same  way. 

Experimental  results  have  shown  elevated  concentrations  of 
contamination  in  water  adjacent  to  energized  cathodes. 
Laboratory  and  field  test  results  from  commercial  applications 
in  Europe  indicate  effective  removal  levels  for  a  wide  range 
of  heavy  metals  from  groundwater. 
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5 . 6   Surfactant  Mobilization 

Surfactants  may  be  added  to  groundwater  in  pump -and -treat 
processes  to  increase  the  solubility  of  one  or  more  target 
contaminants.  Because  the  contaminant  concentration  in  the 
groundwater  increases,  the  overall  removal  process  is 
accelerated.  Surfactants  also  reduce  the  interfacial  tension 
of  non- aqueous -phase  liquids  (NAPLs) ,  directly  mobilizing 
them.  One  of  the  field  tests  on  surfactant  mobilization  is 
being  conducted  at  the  Atlanta  Testing  and  Engineering,  in 
Florida.  This  study  is  headed  by  Valerie  Francisco. 

Surfactant  mobilization  may  improve  extraction  efficiency. 
The  method,  however,  has  one  notable  disadvantage.  While  the 
extraction  efficiency  is  improved,  the  process  may  cause  the 
NAPLs  to  migrate  to  previously  uncontaminated  regions  of  the 
aquifer.  This  enhanced  recovery  approach  is  currently  being 
researched  by  a  number  of  laboratories  and  firms. 


5 . 7   Funnel-  and-  Gate  Concept 

At  numerous  contaminated  sites,  plumes  of  groundwater 
contamination  emanate  from  subsurface  source  zones.  Pump-and- 
treat  could  provide  an  effective  means  of  hydraulically 
containing  the  dissolved  contaminants  emanating  from  these 
sources,  however,  at  many  sites  pump -and -treat  will  have  to 
continue  for  many  decades  because  the  source  zones  dissipate 
very  slowly.  A  new  approach  for  zone  source  containment  has 
been  developed  at  the  University  of  Waterloo  and  it  is  called 
the  funnel -and-gate  system. 

The  funnel -and-gate  system  has  undergone  intensive  tests  and 
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verif ications.  The  technology  is  designed  for  in- situ 
treatment  of  contaminated  plumes  and  consists  of  low  hydraulic 
conductivity  cut-off  walls  with  gaps  that  contain  in-situ 
reactors  designed  to  remove  contaminants  by  abiotic  or 
biological  process. 

The  funnel -and -gate  system  containing  in  situ  reactors  can  be 
installed  at  the  front  of  plumes  where  they  can  intercept  the 
flow  of  all  contaminated  groundwater  and  thereby  prevent 
further  plume  growth.  Studies  conducted  by  J.  Cherry  and  R. 
Starr  (1994) ;  and  D.A.  Smith,  J.  Cherry  and  R.  Jowett  (1994) 
suggest  that  in  situ  reactors  such  as  reactive  porous  media 
can  be  effectively  used  to  remove  contaminants  by  biological 
processes . 

Cut-off  walls  (  also  known  as  the  funnels)  are  installed  in 
such  a  way  that  they  modify  flow  patterns  so  that  groundwater 
flows  primarily  through  high  conductivity  gaps  (Figures  6  and 
7) .  The  approach  is  largely  passive  in  that  after 
installation,  the  in-situ  reactors  are  intended  to  function 
with  little  or  no  maintenance  for  long  periods. 
The  gates  can  be  designed  so  that  contaminant  degradation  or 
treatment  occurs  within  the  gate  or  within  a  zone  of  bacterial 
enhancement  immediately  downgradient  of  the  gate .  The 
conceptual  designs  for  application  are  still  under 
development . 


5. 8   Microbial  "Biofilter" 

Researchers  from  the  Lawrence  Livermore  National  Laboratory  in 
California  demonstrated  an  underground  biofilter  that  uses 
living  organisms  to  clean-up  solvent  contaminated  groundwater. 
This  is  a  new  revolutionary  concept  and  it  differs  markedly 
from  the  in-situ  bioremediation  technology. 
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Figure  6:    Three  conceptual   configurations  of   funnel-and-gate  systems   in  plan  view. 
Figure  6a  shows  a  simple  system  with  one   single-chamber  or  single-cell   gate.    Figure    5b 
shows   a   system  with  three  single-chamber  gates   in  parallel.   Figure  OC  shows   a   system 
incorporating  several  chambers  or  gates   in  the   treatment  gate  to  accommodate   a 
sequence   of   treatment  steps.   (   Smith,   Cherry  and  Jowett,      1994   ) 
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Figure7  :  Enhanced  biodegradation  of  BTEX  in  a  funnel-and-gate  system.  Oxygen  is 
released  from  the  treatment  mediain  the  gate,  and  aerobic  biodegradation  of  BTEX 
occurs  within  and  immediately  downgradient  of  the  gate.  (  Smith,  Cherry  and  Jowett 


1994) 
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Significant  improvements  have  been  made  to  increase 
underground  bacterial  population  but  often  the  infusion  of 
nutrients  causes  the  contaminants  to  get  pushed  away  from  the 
microbes  thereby  slowing  down  the  clean-up  process.  While 
in- situ  bioremediation  is  based  primarily  on  the  injection  of 
nutrients  into  the  ground  to  stimulate  the  growth  of  bacteria 
already  present,  in  the  new  Biofilter  method  no  nutrients  are 
infused.  The  starving  bacteria  are  the  ones  that  are  relied 
upon  to  destroy  all  prevailing  contaminants  before  the 
microbes  become  inactive. 

At  one  of  the  test  locations  in  California,  where  groundwater 
was  contaminated  with  the  common  solvent  trichloroethylene 
(TCE) ,  the  lab  scientists  used  an  underground  filter  of 
harmless  soil  bacteria  to  dramatically  reduce  contaminant 
levels  from  approx.  400  parts  per  billion  (ppb)  to  less  than 
10  ppb.  When  a  determined  amount  of  a  target  bacteria  e.g. 
Methylosinus  trichosporium  0B3b  was  injected  into  the  plume, 
the  microbes  adhered  to  surrounding  soil  particles,  forming  a 
spherical  microbial  mass  around  the  end  of  the  injection  well. 

The  scientists  then  began  drawing  on  the  well.  This  resulted 
in  the  pulling  of  contaminated  groundwater  from  the 
surrounding  area  through  the  mass  of  microbes,  into  the  well 
bore  and  up  to  the  surface.  As  the  contaminated  water  passed 
through  the  mass  of  bacteria,  enzymes  within  the  organisms 
began  breaking  down  the  TCE  in  harmless  aqueous  carbon  dioxide 
and  water.  The  lab  scientists  confirmed  that  they  were  able 
to  achieve  98%  degradation  of  the  contaminants  in  groundwater. 
This  technology  is  still  undergoing  tests  and  is  not 
commercially  available. 
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5.9   The  Forager  Sponge  Technology 

This  new  technology  was  developed  by  Dynaphore,  Inc.  in  New 
Jersey  and  evaluated  at  the  NL  Industries  site,  in 
Pedricktown,  New  Jersey.  The  Forager  Sponge  is  an  open- celled 
cellulose  sponge  incorporating  an  amine- containing  chelating 
polymer  that  has  selective  affinity  for  dissolved  heavy  metals 
in  both  cationic  and  ionic  states.  This  technology  has  the 
ability  to  remove  heavy  metals  from  contaminated  groundwater. 
According  to  the  developer,  it  can  also  be  utilized  to  remove 
and  concentrate  heavy  metals  from  a  wide  variety  of  other 
contaminated  aqueous  media  such  as  surface  water,  landfill 
leachate  and  industrial  effluents. 

The  Sponge  is  highly  porous,  hence  it  promotes  high  rates  of 
absorption  of  ions.  The  polymer  in  the  Sponge  provides 
ligand  sites  that  surround  the  metals  to  form  complexes, 
especially  with  ions  of  transitional  group  heavy  metals.  The 
Sponge,  which  can  be  used  in  columns,  fishnet -type  enclosures 
or  rotating  drioms,  has  the  ability  to  preferentially  bind 
toxic  heavy  metals.  This  is  particularly  beneficial  for  the 
treatment  of  contaminated  natural  waters  and  has  advantages 
over  conventional  ion  exchange  or  precipitation  technologies 
where  valuable  ion  exchange  chemicals  are  wasted  because  they 
also  remove  cations  such  as  calcium,  magnesium,  aluminum, 
sodium  and  potassium. 

For  the  tests  and  demonstrations  conducted  at  NL  Industries 
Inc.  in  New  Jersey,  the  technology  effectively  achieved  a  97% 
removal  of  copper  and  lead  from  average  influent 
concentrations  of  917  micrograms  per  liter  (ug/L)  and  578 


^  Anions  in  close  association  with  a  metal  cation 
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ug/L,  respectively.  There  was  reported  9  0%  removal  of  cadmium 
from  influent  concentrations  of  537  ug/L.  Although  the 
developer's  treatment  claims  for  copper,  cadmium  and  lead  were 
achieved,  the  treatment  claim  for  chromium  fell  short,  with 
only  32%  removal  of  chromium  out  of  initial  concentration  of 
426  ug/L.  This  technology  which  is  under  the  EPA's  SITE 
(Superfund  Innovative  Technology  Evaluation)  program  is  still 
undergoing  tests  and  scrutiny. 


5  •  10  Dehalocrenation  with  Metal  Catalysts 

This  is  a  new  physical/chemical  method  of  treating 
contaminated  groundwater.  Most  physical/chemical  techniques 
lend  themselves  to  application  in  above-ground  reactors. 
However,  few  are  appropriate  for  in- situ  implementation 
largely  because  of  the  difficulties  in  effectively  contacting 
the  contaminants  with  the  catalyst. 

This  technology  uses  an  iron  catalyst  to  remove  dissolved 
halogenated  organic  compounds  from  groundwater  and  was 
developed  at  the  University  of  Waterloo,  in  Ontario.  The 
process  involves  constructing  a  permeable  treatment  wall 
across  the  path  of  a  contaminated  groundwater  plume.  When  the 
contaminated  groundwater  comes  into  contact  with  iron 
materials  in  the  wall,  the  halogenated  organics  are  degraded 
to  non- toxic  by-products. 

This  technology  is  offered  as  a  cost-effective  alternative  to 
groundwater  pump-and- treat  systems.  In  addition,  contaminants 
are  degraded  below  ground  thereby  offering  an  advantage  over 
methods  that  simply  transfer  contaminants  from  one  medium  to 
another  (e.g  Spent  Activated  Carbon). 
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A  wide  range  of  metals  were  investigated  for  use  as  catalysts 
for  dehalogenating  organic  compounds  in  groundwater.  The  test 
results  obtained  at  the  University  of  Waterloo  indicate  that 
galvanized  metal  and  mild  steel  caused  the  highest  and  most 
rapid  dehalogenation  rates.  From  the  data,  the  researchers 
hypothesized  that  the  oxidation  of  the  metals  caused  a 
lowering  of  the  redox  potential  (Eh)  .  Based  on  the  results 
and  also  considering  factors  such  as  cost  and  availability, 
iron  was  selected  as  the  most  appropriate  catalyst. 

The  pilot  tests  conducted  indicated  that  this  technology  can 
effectively  degrade  halogenated  organic  chemicals.  However, 
further  rigorous  tests  are  needed  to  establish: 

1.  its  long-term  integrity  and  effectiveness  in  a  variety  of 
hydrogeochemical  environments; 

2.  its  potential  for  formation  of  toxic  break-down  products 
(e.g  dichloroethene) . 


5.11  Algasorb  -  for  Removal  and  Recovery  of  Metal  Ions 

In  recent  years  increased  attention  has  been  focused  on 
pollution  of  water  supply  by  heavy  metal  ions.  These  metals 
are  toxic  in  rather  low  concentrations  but  can  lead  to  acute 
and  chronic  illness  in  humans  and  other  animals. 

Past  disposal  practices  have  resulted  in  serious  contamination 
of  the  environment.  The  major  sources  of  heavy  metals  are 
leachates  from  legal  and  illegal  landfills  and  drainage  from 
old  mines. 


Measured  electrode  potential  for  an  electrochemical  ceU 
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Chemical  treatment  using  lime  or  caustic  precipitation  has 
been  the  most  common  method  of  removing  dissolved  metals  from 
leachate,  mine  drainage,  and  contaminated  aquifers.  Other 
treatment  methods  include  reverse  osmosis,  electrodialysis  and 
carbon  adsorption.  A  serious  limitation  of  many  of  the 
current  treatment  technologies  is  the  difficulty  of  treating 
waters  for  removal  of  heavy  metals  to  allowable  drinking  water 
levels. 

"Algasorb"  is  a  new  sorption  process  for  removing  toxic  metal 
ions  from  groundwater.  This  technology  was  developed  by  Bio- 
Recovery  Systems  Inc.,  in  New  Mexico. 

Algasorb  is  based  upon  the  natural,  very  strong  affinity  of 
biological  materials  such  as  the  cell  walls  of  plants  and 
microorganisms  for  heavy  metal  ions.  Biological  materials, 
primarily  algae,  have  been  mobilized  in  a  polymer  to  produce 
a  biological  ion  exchange  resin  called  "Algasorb". 

Numerous  tests  of  Algasorb  resin  conducted  show  promise  for 
mercury  recovery  from  contaminated  groundwater.  Test  results 
have  shown  many  groundwater  samples  with  mercury 
concentrations  of  about  1500  ppb  being  reduced  to  effluent 
concentration  of  less  than  10  ppb. 


Advantages  of  "Algasorb" 

a)  the  process  has  high  affinity  for  metal  ions; 

b)  it  can  be  used  to  remove  aluminum,  cadmium,  chromium, 
cobalt,  copper,  gold,  iron,  lead,  manganese,  mercury  and 
molybdenum; 
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c)  the  efficiency  of  heavy  metal  ion  removal  is  not 
diminished  by  the  presence  of  organic  compounds  in  the 
groundwater. 


5.12  Adsorptive  Filtration. 

Treatment  of  groundwater  contaminated  with  toxic  metals  is 
complicated  by  the  wide  range  of  concentrations  which  may  be 
present  and  the  complexity  of  the  matrix. 

Although  highly  concentrated  metal  ions  may  be  treatable  by 
conventional  precipitation  processes,  these  processes  may  not 
meet  the  stringent  effluent  discharge   requirements. 

Adsorptive  Filtration  is  a  new  process  being  tested  at  the 
University  of  Washington  in  the  Department  of  Civil 
Engineering.  This  technology  combines  an  efficient  sand 
filter  with  an  adsorptive  process  capable  of  lowering  metal 
concentrations  well  below  levels  achievable  by  precipitation. 

The  new  process  uses  conventional  sand  filter  in  which  the 
sand  is  first  coated  with  iron  oxide.  Iron  oxide  surface  has 
a  strong  pH  reversible  affinity  for  the  metals. 

This  process,  now  being  tested,  is  applicable  to  anionic 
metals  such  as  chromate,  selenite,  and  arsenate,  which  are 
difficult  to  precipitate  efficiently. 


5.13  Application  of  Transportable.  Multiphase  Bioslurpinq 
Treatment  Technology 

This   is   an   innovative   soil   and   groundwater   treatment 
technology  designed  by  Jacques  Whitford  Environment  Limited  in 
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Markham,  Ontario.  The  technology  is  an  in- situ  bioslurping 
treatment  system  that  can  flush  contaminants  and  enhance  their 
degradation. 

The  system  is  fully  transportable  and  can  be  housed  in  a 
modified  shipping  container  and  dubbed  the  Transportable 
Remediation  Unit  or  TRU. 

The  TRU  represents  an  innovative,  cost  effective,  hybrid 
approach  to  petroleum  hydrocarbon  treatment  by  employing  a 
variety  of  aggressive  treatment  technologies  (together 
traditionally  termed  Bioslurping  or  Air  Induction)  including: 
a  high  vacuum  multiphase  (for  free-phase  liquid  hydrocarbons 
and  groundwater)  and  soil  vapour  extraction  system. 
Groundwater  is  treated  using  plate  coalescing  oil/water 
separation,  low  profile  diffused  air  stripping  and  liquid 
phase  carbon  polishing,  where  required. 

The  technology  has  the  following  unique  features: 

1.  all  processes  are  automatically  controlled  using  a 
Programmable  Logic  Controller  (PCL) ; 

2.  system  monitoring,  diagnostics  and  logic  adjustments  may 
also  be  conducted  using  remote  telemetry  PCL  access  by 
high  speed  modem; 

3.  free-phase  liquid  hydrocarbons,  groundwater  and  petroleum 
vapours  are  recovered  by  the  TRU  using  the  same  piping 
network  and  specially  designed  vertical  bioslurping 
wells . 


Costs; 


Treatment  cost  was  estimated  to  be  approximately  Can$100  to 
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$120/tonne  of  contaminated  soil  but  the  net  cost  is  expected 
to  go  down  to  $30  to  $50/  metric  tonne  in  the  long  term.  The 
cost  for  treating  groundwater  is  also  down  by  about  half  by 
comparison  to  other  traditional  treatment  methods  (such  as 
Carbon  Adsorption) . 


6.0   CONTAMINATION  BY  NON-AQUEOUS  PHASE  LIQUIDS  (NAPLs) 

6.1  Characteristics  and  Remediation  Strategies 

Groundwater  contamination  by  organic  chemicals  such  as 
chlorinated  solvents,  petroleum  fuels,  coal  tar  and  creosote, 
is  a  serious  concern  at  many  industrial  facilities  and  waste 
disposal  sites.  These  chemicals,  in  pure  form,  are  immiscible 
with  water.  Liquids  that  do  not  readily  dissolve  in  water  and 
can  exist  as  a  separate  fluid  phase  are  known  as  non-aqueous 
phase  liquids  (NAPLs) . 

NAPLs  in  the  form  of  immobile  residual  contamination,  or  pool 
^  of  mobile  or  potentially  mobile  NAPL,  can  represent  continuing 
sources  of  groundwater  contamination  unless  NAPL  zones  are 
removed  from  the  subsurface,  isolated  from  the  groundwater 
system,  or  treated  in- situ. 

Studies  by  Schwille  (1967,  1981)  demonstrated  that  NAPLs  can 
be  classified  into  two  groups  depending  on  their  density 
relative  to  water.  Those  that  are  lighter  than  water  (LNAPLs) 
and  those  with  a  density  greater  than  water  -  the  Dense  Non- 
aqueous Phase  Liquids  (DNAPLs) . 

Liquids  heavier  than  water  tend  to  move  downward  through  the 
capillary  fringe  and  the  water  table,  while  liquids  lighter 
than  water  tend  to  spread  laterally  when  they  encounter  the 


-46- 

capillary  fringe  and  the  water  table  (  Schwille,  1981,  1984; 
Reinhard  et  al ,  1984).  NAPLs ,  particularly  DNAPLs,  have 
become  a  serious  groundwater  contamination  problem  in  North 
America  and  Europe.  Concern  about  these  chemicals  exists 
largely  because  of  their  persistence  in  the  subsurface  and 
their  ability  to  contaminate  large  volumes  of  water.  For 
example,  7L  or  10  kg  of  trichloroethylene  (TCE)  can 
contaminate  10  L  of  groundwater  to  a  concentration  of  0.1 
mg/L  or  20  times  the  drinking  water  standard  of  0.005  mg/L 
(Feenstra  and  Cherry,  1987) . 

Presently,  there  are  no  approved,  effective  methods  that  can 
be  used  to  clean-up  aquifers  contaminated  with  DNAPLs. 
However,  relentless  efforts  are  being  made  to  develop 
effective  technologies.  Apparently,  this  will  require 
containment  of  groundwater  and  DNAPL  within  the  DNAPL  zone. 
DNAPL  chemicals  are  known  to  be  distributed  in  several  phases 
i.e.  dissolved  in  groundwater,  adsorbed  to  soils,  volatilized 
in  soil  gas,  and  as  a  residual  and  mobile  immiscible  fluids 
(Figure  8)  .  Technologies  for  DNAPL  containment  are  promising 
but  are  still  a  long  way  before  they  can  be  proven  in  a 
variety  of  field  situations. 


6 .2   Continuing  Concern  for  DNAPLs 

The  potential  for  extensive  contamination  of  groundwater  by 
dense  non- aqueous  phase  liquids  is  high  because  of  their 
widespread  production,  transport,  utilization  and  disposal. 
There  are  many  DNAPL  contaminated  sites  in  North  America,  and 
dissolved  constituents  derived  from  DNAPLs  are  frequently 
detected  in  groundwater  supplies. 
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Figure  8.  Schematic  of  the  distribution  of  subsurface  contamination 
emanating  from  residual  DNAPL  sources  in  the  vadose  and 
water  saturated  zones,  and  DNAPL  pools  (  Feenstra  and 
Cherry,  1990) 
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Of  the  many  DNAPLs  detected  in  groundwater  chlorinated 
solvents  are  the  most  frequently  encountered  (  e.g. 
trichloroethylene,  tetrachloroethylene  and  trichloroethene, 
PCBs,  creosote  and  coal  tar).  A  typical  example  of  DNAPL 
contamination  in  Ontario  is  PCB  contamination  at  Smithville, 
near  Hamilton. 

DNAPLs  rank  very  low  in  degradability  when  compared  to  a  wide 
range  of  other  organic  contaminants  (Figure  9) .  DNAPL  sources 
and  contamination  are  associated  with  a  wide  range  of 
industries  and  operations,  for  example: 

a)  wood  treatment  operations  (creosote) ; 

b)  manufactured  gas  plants  (coal  tar) ; 

c)  transformer  oil  production,  processing,  and  disposal 
facilities; 

d)  chemical  industry  facilities   (  chlorinated  solvents, 
pesticides,  herbicides  etc.) 

e)  steel  industry  coking  operations  (coal  tar) ; 

f)  dry  cleaners  (chlorinated  solvents) ; 

g)  electronic   instruments   manufacturers    (chlorinated 
solvents) ; 

h)  machine  shops  (chlorinated  solvents) ; 

i)  print  shops  (chlorinated  solvents) ; 

j)  metal  works  (chlorinated  solvents); 

k)  waste  disposal  facilities  (all  types) . 


6 .3   DNAPL  Rate  of  Penetration  in  the  Subsurface 

The  rate  of  DNAPL  infiltration  in  the  subsurface  is  greater 
than  generally  predicted  by  soil  permeabilities. 
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Figure      9 
Biodegradability  Ranking  of  Organic  Contaminants 
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Inlaboratory  experiments  conducted  by  Schwille,  for  example, 
(  Schwille  1988) ,  he  observed  that  tetrachloroethane  sunk 
through  2  ft.  (61  cm)  of  variably  saturated  coarse  sand  in  10 
minutes  and  through  3  ft. (91  cm)  of  saturated  coarse  sand  in 
60  minutes.  At  this  rate  of  penetration  (with  no  lateral 
diversion)  it  would  take,  for  example,  a  DNAPL  such  as  TCE 
approximately  5  hours  to  penetrate  60  ft  (18.3m)  of  coarse 
sand  in  the  unsaturated  zone. 

The  actual  penetration  time  will  likely  be  greater  because  of 
soil  heterogeneities  and  will  vary  with  soil  conditions  and 
DNAPL  properties  (e.g.  density  and  viscosity) .  However,  the 
above  calculations  by  Schwille  show  that  for  a  sufficient 
volume,  DNAPL  can  reach  a  relatively  deep  water  table  in  days 
or  weeks  rather  than  years. 


6.4   Treatment  Technologies  For  DNAPL  Chemicals 

When  contamination  with  DNAPLs  is  confirmed  at  a  site  the 
scope  and  complexity  of  any  treatment  efforts  increase.  The 
four  traditional  methods  of  treatment  for  contaminated 
groundwater  -  Pump-and- treat ,  Vapour  extraction,  in-situ 
bioremediation  and  excavation  followed  by  off -site  treatment 
have  proven  to  be  unsatisfactory  for  treating  DNAPL 
contaminated  soils  and  groundwater.  Some  of  the  underlying 
reasons  for  such  a  failure  include: 

1.  Pump-and- treat  method  can  be  used  to  contain  the 
contaminant  but  may  not  remediate  fully  the  subsurface 
due  to  the  low  solubility  of  DNAPLs.  Also  subsurface 
heterogeneities  limit  the  ability  to  move  water  through 
many  contaminated  zones,  thereby  limit  the  ability  of 
piomp- and -treat  systems  to  properly  clean  a  site. 
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2.  In- situ  vapour  extraction  may  be  effective  to  remediate 
the  volatile  portions  of  DNAPL  but  not  the  non-volatile 
ones.  The  latter  would  leave  residues  which  are 
difficult  to  remove. 

3.  In- situ  bioremediation  by  itself  is  normally  an  effective 
method  of  treatment  in  the  aqueous  phase  where  oxidation 
of  the  contaminant  can  occur,  but  is  unlikely  to  work  on 
DNAPLs.  It  is  also  important  to  note  that 
biodegradability  of  high  molecular  weight  contaminants 

(e.g.  PCBs)  and  the  high  condensed  PAHs  in  creosotes  are 
limited  by  their  low  solubility  or  non-bioavailability . 

4.  Off -site  treatment  and/or  disposal  may  be  impossible  or 
very  costly  at  many  sites  due  to  depths  and  volume  of 
water  involved. 

Besides  the  technologies  noted  above,  several  others  have  been 
suggested  and  many  more  are  still  on  the  drawing  board.  The 
most  promising  ones  are  those  known  as  the  emerging 
technologies.  It  is  not  possible  to  address  the  efficacy  of 
the  emerging  or  experimental  technologies  mainly  due  to  the 
lack  of  data.  The  following  is  a  list  of  some  of  the  concepts 
under  consideration  for  remediation  of  DNAPLs: 

1.  Containment/Restoration; 

2 .  DNAPL  recovery  methods ; 

3.  Direct  and  enhanced  DNAPL  recovery  methods: 

a)  induced  gradient  water  flooding; 

b)  chemically  enhanced  recovery; 

c)  thermally  enhanced  recovery; 

4.  Treatment  train  /  Pump  and  treat. 

Interested  readers  are  referred  to  the  list  of  references  in 
the  Bibliography  for  more  details. 
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6 .5   General  Remediation  Strategy    for  DNAPL  Contaminated 
Sites 

The  restoration  of  ground  water  to  drinking  water  standards 
in- situ  or  ex- situ  may  prove  infeasible  at  most  DNAPL  - 
affected  sites  largely  due  to  the  effects  of  DNAPL  behaviour. 
In  such  cases,  alternate  approach  to  managing  DNAPL  problems 
is  needed.  A  DNAPL  contaminated  site  may  be  better  managed  if 
it  is  subdivided  into  at  least  three  zones  (Newell  et  al .  , 
1991)  as  follows: 

a)  dissolved  phase  zone; 

b)  confirmed  free-phase  DNAPL  zone; 

c)  potential  DNAPL  zone   (either  free-phase  or  residual 
DNAPL) . 

Based  on  Figure  8,  areas,  where  site  data  indicate  a  low 
probability  of  DNAPL  in  the  aquifer,  would  be  designated  as 
"dissolved  phase  zones".  In  those  areas  conventional  clean-up 
standards  and  remediation  technologies  would  be  applied. 

In  areas  where  the  presence  of  DNAPL  is  confirmed  (e.g.  free 
phase  DNAPL  exists  in  monitoring  wells) ,  a  DNAPL  containment 
strategy  could  be  applied  in  place  of  conventional  groundwater 
remediation  standards. 
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7.0   SUMMARY  AND  CONCLUSIONS 

A  brief  review  and  description  of  groundwater  treatment 
technologies  has  been  presented  in  this  report.  Some  of  the 
technologies  discussed  are  commercially  available,  others  are 
still  at  various  stages  of  development.  A  few  have  been 
rigorously  tested.  Many  of  these  technologies  are  still 
subject  to  intensive  field  tests.  While  some  can  be  used 
independently,  many  are  most  effective  only  when  they  are  used 
in  conjunction  with  the  other  technologies. 

Groundwater  treatment  technologies  generally  fall  into  two 
major  categories  namely: 

a)  In- situ  technologies  -  these  are  ones  where  the  treatment 
process  takes  place  in  the  subsurface  (in  place) .  A 
typical  example  of  an  in- situ  remedial  technology  is  in- 
situ  Bioremediation. 

b)  Ex- situ  technologies  -  these  are  methods  by  which 
contaminated  groundwater  is  treated  on  the  surface.  For 
these  treatment  methods  to  be  effective  the  contaminated 
water  must  be  pumped  to  the  surface,  treated  and  then  re- 
injected back  into  the  aquifer.  Examples  of  ex- situ 
treatment  technologies  include  Carbon  Adsorption. 

The  treatment  of  contaminated  groundwater  requires  knowledge 
of  the  physical  processes  (advection,  dispersion  and 
diffusion)  that  affect  and  control  the  migration  of 
contaminants  in  the  subsurface.  Remedial  actions  are 
expensive  and  the  benefits  of  employing  such  technologies  must 
be  carefully  evaluated  at  sites  where  a  combination  of 
potential  risks  of  exposure  and  impact  to  human  health  and  the 
environment  are  known  to  exist. 
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Available  information  pertaining  to  existing  and  emerging 
groundwater  treatment  technologies  confirm  that  there  are 
fewer  technologies  applicable  for  the  treatment  of  groundwater 
as  opposed  to  treatment  of  soils.  The  duration  for  treatment 
of  groundwater  is  also  less  predictable.  For  sites 
contaminated  with  numerous  types  of  compounds,  e.g  VOCs,  PCBs, 
pesticides,  metals,  a  phased  approach  is  recommended.  For 
example,  VOCs  would  be  removed  first,  using  say,  vacuum 
extraction  then  other  technologies  could  be  applied  on  the 
rest  of  the  waste. 

It  can  be  deduced  from  what  we  know  to-day  that  the  long-term 
future  of  groundwater  treatment  is  not  certain.  This  is 
especially  true  when  it  is  realized  that  there  is  nothing  on 
the  horizon  to  improve  the  Pump -and -Treat  system.  However, 
advances  are  being  made  toward  improving  our  understanding  of 
the  treatment  of  contaminated  groundwater.  Because 
groundwater  contamination  varies  so  greatly  from  site  to  site, 
the  few  technologies  now  being  developed  cannot  effectively 
meet  the  needs  of  the  many  anticipated  groundwater  treatment 
projects . 

A  nvimber  of  effective  technologies  have  been  developed  for  the 
treatment  groundwater  contaminated  with  soluble  constituents 
e.g  Benzene,  Toluene,  Ethylbenzene  and  Xylene  (BTEX) .  The 
struggle  for  developing  effective  remedial  technologies  for 
groundwater  contaminated  with  DNAPL  sources,  however,  is  bound 
to  continue  for  some  time. 

A  careful  review  of  information  on  groundwater  treatment 
technologies  shows  that  a  wide  communication  gap  exists 
between  the  project  managers  and  the  research  scientists. 
This  gap  hinders  the  badly  needed  progress  in  groundwater 
treatment  area  and  must  be  narrowed.   Information  about 
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groundwater  treatment  technologies  must  be  better 
disseminated.  The  stakeholders  in  the  industry,  including  the 
government,  should  improve  the  development  and  diversity  of 
technologies  and  to  do  a  better  job  of  sharing  cost  and 
performance  data. 


OoO 
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APPENDIX  I 

Pvunp  -  and  -  Treat 

Pump- and- treat  refers  to  the  extracting  of  contaminated  groundwater 
and  treating  it  at  the  surface  by  any  of  the  number  of  treatment 
technologies,  including  Air  Stripping,  Carbon  adsorption. 
Catalytic  Oxidation,  Thermal  or  Biological  treatment.  Pump-and- 
treat  systems  have  been  widely  used  for  aquifer  remediation  for 
over  ten  years .   The  method  is  used  for  two  main  purposes : 

1)  to  remove  contaminants  from  the  subsurface  for  treatment, 

2)  to  maintain  gradient  control  so  as  to  prevent  the 
contaminants  from  migrating  farther  from  the  site. 

Certain  recent  studies  have  suggested  that  pump  -  and-  treat 
procedures  may  not  be  as  effective  as  anticipated  in  restoring 
aquifers  to  precontamination  conditions  (U.S.  EPA  1989,  1992,  Kent 
et  al  1990)  .  However,  in  many  cases  results  of  using  such 
procedures  implied  that  significant  reductions  in  contaminant 
levels  are  possible.  A  typical  example  of  the  success  of  this 
procedure  has  been  in  Santa  Clara  Valley,  in  California  where  Pump 
-  and-  treat  has  been  extensively  used  over  the  past  several  years. 

One  of  the  most  notable  advantages  of  this  method  is  that 
conventional  methods  of  wastewater  treatment  can  be  employed  once 
the  contaminated  groundwater  is  on  the  surface.  The  treated  water 
can  be  discharged  to  a  receiving  water  body.  In  general,  numerous 
projects  conducted  using  the  pump -and -treat  method  have  results 
showing  rapid  removal  of  chemicals  at  the  beginning  of  pumping, 
followed  by  gradual  decrease  ending  in  an  asymptote. 
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The  disadvantages  of  this  technology  are  that  it  is  expensive  to 
design,  install  and  operate;  and  in  all  known  cases,  must  be 
maintained  and  operated  for  decades  before  accurate  projections  for 
achievements  can  be  made.  Furthermore,  although  most  test  results 
of  this  method  have  shown  pump -and -treat  to  be  an  excellent  method 
to  control  plume  movement,  none  of  these  tests  could  confirm  that 
the  site(s)  were  fully  remediated  using  the  technique.  As  the 
number  of  sites  with  groundwater  contamination  increases  and 
stricter  measures  are  being  imposed  by  regulatory  agencies,  the 
pump -and -treat  technology  is  now  under  intense  scrutiny. 

The  primary  reason  for  the  perceived  failure  of  pump-and- treat  is 
the  unrealistic  expectation  that  chemicals  that  have  contaminated 
an  aquifer  over  the  years  or  decades  can  be  cleaned  up  to  parts  per 
billion  concentrations  in  a  short  time.  Contaminants  that  have 
been  in  the  ground  for  a  long  period  of  time  have  been  able  to 
diffuse  into  the  less  permeable  zones  of  porous  media  aquifers  and 
into  the  bedrock  matrix  of  the  fractured  rock  aquifers  (Hoffman, 
1993).  Pump-and- treat  systems  are  known  to  be  inefficient  in 
removing  these  contaminants,  since  the  majority  of  contaminated 
water  removed  by  pumping  will  come  from  the  most  permeable  zones  of 
the  aquifer. 

Up  until  the  late  19  8  0s  the  focus  of  groundwater  treatment  was  on 
petroleum  hydrocarbon  contamination;  most  often  resulting  from 
leaking  storage  tanks.  At  that  time  though  costly,  the  problem 
seemed  as  though  it  could  be  solved  with  the  pump-and- treat  method. 

In  early  1990s  the  focus  shifted  to  chlorinated  solvents  

contaminants  from  synthetic  chemicals  widely  used  by  industry  since 
1940s. 

Today,  the  challenge  is  the  non-aqueous  phase  liquids  (NAPLs)  and 

in  particular,  the  DNAPL  chemicals.   DNAPL  sites  represent  two 

major  forms  of  contamination   1)  the  dissolved  phase  and   2)  the 

immiscible  phase.    Traditional  pump-and- treat  technologies  are 
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essentially  ineffective  in  achieving  overall  groundwater  treatment. 
The  method  can  be  used  to  contain  and  remove  the  dissolved  phase 
plume,  but  removal  of  the  immiscible  phase  is  more  difficult  to 
achieve.  The  recognition  of  this  fact  is  fuelling  tremendous 
interest  in  both  government  and  private  sectors  for  innovative 
technologies  to  improve  the  effectiveness  of  in- situ  treatment  for 
contaminated  groundwater. 
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APPENDIX  II 
Siunmary  of  Treatment  Technologies  for  Contaminated  Groundwater 
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